INTRODUCTION
Aluminosilicate glasses doped with rare-earth elements have attracted large attentions because of their interesting physical and chemical properties, such like high glass transition temperature T g [1, 2] , high hardness and elastic modulus [3] , excellent chemical [4, 5] and thermal resistance [6] , or high refractive index [7] . Therefore, these glasses have been widely used for optical communications, laser technology and other fields [2, 8] . These excellent properties are closely related to their special structure characteristics. The structural role of ions in aluminosilicate glasses is determined by their ionic radius and charge [9] . The ionic radius controls their coordination number in the glass structure. With the radius of the rare earth ions decreasing, the coordination number undergoes a shift from 7 or 8 to 6 [10] . Generally, rare earth ions are assumed to act as network modifiers, which are isolated between [SiO 4 ] and [AlO 4 ] tetrahedra [11] . However, their cationic field strengths (CFS = Z/r 2 , where Z is the charge of the element and r its ionic radius) are much higher than more common network modifier cations (e.g. Na + , K + and Ca 2+ ), which are considered to fall at the low end of "intermediate" cations [8] .
At present, the fundamental and application research of rare earth doped aluminosilicate glasses on their physical and chemical properties has been widely conducted. However, to our best knowledge, there are very little available data for the effect of rare earth on the viscosity and rheological properties of the aluminosilicate glass melts. And these properties are very important for glass melting, fining, processing optimization, and annealing process [12, 13] . In addition, glass forming ability (GFA) is also an important parameter for glass production process, which determines the easiness to vitrify a melt on cooling process [14] . However, it is quite difficult to accurately measure [15] . Therefore, many researchers proposed that glass stability (GS) against devitrification on heating can be used to estimate GFA [15] [16] [17] [18] . Generally, GS is easily derived from characteristic temperatures that are determined from DTA or DSC analyses.
In this work, the density, coefficient of thermal expansion and glass stability of Na 2 3 were labeled as Y0, Y1, Y2, Y3 and Y4, respectively. Glass batches were mixed thoroughly, and then melted in alumina crucibles at 1510~1530°C for 2 h. The part of melts were poured onto a pre-heated stainless steel mold to form, and then annealed at 50°C below their glass transition temperature T g for 2 h . The residual melts were poured into cold water and dried at 120°C for 24 h to obtain glass frits for viscosity tests.
The dilatometric measurements were performed in a horizontal dual-rod dilatometer (Model DIL 402, Netzsch, Germany) at a heating rate of 5°C·min -1 . The dilatometric softening temperature T d and coefficient of thermal expansion (CTE, α 25~300°C ) of glasses were determined. Regular bulk glass sticks with the dimension 4 mm × 4 mm × 25.4 mm were prepared for dilatometry. The density ρ was measured by Archimedes'principle with deionized water as the immersion solution. And the average value was obtained from the five test results of every glass sample to reduce the errors.
To determine the glass transition temperature T g , crystallization temperature T c and liquidus temperature T l , the monolithic samples of each glass (4 × 4 × 1 mm) were measured by DSC method (Netzsch STA 409, German) in air atmosphere at the heating rate of 10°C min -1 from 20 to 1200°C respectively, using Al 2 O 3 as reference material. The platinum crucible was used in the DSC tests. Air flow rate through the sample pan was kept constant at 50 ml·min -1 . The viscosities of the glass melts in the high temperature range were tested by the rotating crucible viscometer (Model Rheotronic II). About 200 g glass frits for each sample were added into a platinum crucible and placed into the furnace set at 1500°C.
The structure of glasses were measured with Infrared spectrometer (Nico-let-380). The KBr pressing method was used in this work. About 1 mg glass sample and 0.1 g KBr were mixed throughly by grinding. A sample of tablets with a diameter of 10 mm and a thickness of 1mm was prepared with mixed powders and was analyzed. The FTIR spectrum was recorded at the range of wave numbers from 400 to 1400 cm −1 .
RESULTS AND DISCUSSION

Structure
FTIR absorption spectral curves of annealed glass samples with different Y 2 O 3 content are illustrated in Figure 1 . There were three main absorption bands in the 400 -1400 cm -1 region. Absorption bands of glasses and their assignments were listed in Table 2 . The bands at 400 -500 cm -1 is due to the bending vibrations of Si-O-Si and Si-O-Al linkages [19, 20] . The absorption bands in the 650 -800 cm -1 is considered as Al-O stretching vibration of [AlO 4 ] tetrahedron [20, 21] . The broad bands in the 800 -1300 cm -1 is assigned to anti-symmetric stretching modes of the Si-O-Si bonds of the Q n units (n means the number of bridging oxygens within a tetrahedron, n = 0, 1, 2, 3 and 4) [1, 22, 23] . With n value increasing from 0 to 4, the absorption bands of the Q n units were centered around 850, 900, 950, 1100 and 1200 cm -1 , respectively [1, 20] . -7 °C. The asymmetry of the amplitude of thermal vibrations in the glass determines the thermal expansion, which decreases as the rigidity of glass network increases [13] . The increase of nonbridging oxygen (NBO) will strengthen the asymmetry of the bond to the neighbouring network former cations, which leads to an increase in thermal expansion coefficient. According to the FTIR results, Y 3+ ions serve as glass network modifiers rather than as network formers in these glasses. The introduction of Y 3+ ions increase the numbers of NBOs and the Si-O bond length [6] . Thus, the addition of Y 3+ ions lead to the increase of CTE.
The density of glass samples with different rare earth oxide content is shown in Figure 3 . It was able to observe that the density of glasses increased gradually from 2.56 to 2.61 g·cm -3 with the Y 2 O 3 content increasing. The molecular mass of Y 2 O 3 (225.81 g·mol -1 ) is markedly higher than that of the other oxides, which is the dominant factor affecting the change in density for all glass samples [24] . The density is an essential macroscopic parameter to characterize the structure of glass. As network modifiers, rare earth metal ions filled space in glass network [25] . Y 3+ ions possess smaller radius, high filed strength and large coordination number, which attract the neighbor anion groups and make the glass structure more compact as the degree of polymerization reduces. Therefore, the density increased with the Y 2 O 3 content increasing.
Stability of the glasses
The results of thermal properties for the glasses investigated by DSC are shown in Figure 4 . And glass transition temperature (T g ), crystallization peak temperature (T c ), liquidus temperature (T l ), and the value of K H for Y0-Y4 are shown in Table 3 . The results showed that the glass transition temperature T g of the samples gradually increased with Y 2 O 3 content increasing. The crystallization peak became sharp, then gradually Table 3 . Glass transition temperature (T g ), crystallization peak temperature (T c ), liquidus temperature (T l ), and the value of K H for Y0-Y4.
No.
T flattened, and its values decreased firstly and then increased, which indicated that a small amount of Y 2 O 3 promoted the crystallization of the glasses. When Y 2 O 3 content exceeded 1 mol. %, crystallization process was inhibited. The changes of Y 2 O 3 content had little effect on the liquidus temperature T l , which fixed at about 1166°C. The term glass stability refers to the ability of a glass to resist crystallization upon heating. Generally, the glass stability can be evaluated from the correlation among the characteristic temperatures such as T g , T c and T l . One of the glass stability index is the Hrubÿ parameter (K H ) [26] :
(1) The larger the parameter K H , the higher is the glass stability. Since an inverse linear relation is found between K H and the critical cooling rate, K H may be used as a measure of glass forming ability (GFA) of a melt upon cooling [16, 17] . Table 3 showed that the K H value decreased firstly and then increased, and reached the minimum value at Y 2 O 3 = 1 mol. %. This result indicated that the critical cooling rate of Y2 was hightest, and its glass forming ability was worst.
The role played by a cation in a glass may be classified as network former, intermediate and modifier by simple general criteria based upon bond energies and ionic field strength [27] [28] [29] . Rare earth ions are expected to have a modifier character. The proposed structure of the local network of the glasses doped with Y 2 O 3 was showed in Figure 5 . As network modifier, Y 2 O 3 will lead to a depolymerization of glass network, which caused the non-bridging oxygen increasing. However, Y 3+ ion is very different from Ca 2 + and Na + ions [8] . As trivalent ion, Y 3 + ion can connect three non-bridging oxygens at the same time, which can link different network structure units (Q n ). For network modifier ions, strength of the connection ≡Si-O-M-O-Si≡ depends largely on the cationic field strength CFS. The greater the CFS, the greater the aggregation effect. Compared with Na + and Ca 2+ ions, Y 3 + has the largest field strength and the most obvious agglomeration effect (shown as in Table 4 ). The polymerization extent of glass network decreased, but the network become more compact with Y 2 O 3 content increasing. This is in good agreement with the change of glass density and glass transition temperature.
Rheological properties of the melts
From glass transition temperature to the glass melting temperature, the viscosity spans more than 12 orders of magnitude. In order to describe the relationship between viscosity and temperature for silicate melts, various models, such like Arrhenius equation, VogeleFulchere-Tamman (VFT) equation, Adame Gibbs equation and Mauro-Yue-Ellison-Gupta-Allan (MYEGA) equation, are commonly used for fitting and describing the temperature dependence of viscosity [6, 12, 33, 34] . Among them, the MYEGA equation is more precisely to describe the temperature dependence of viscosity in the long temperature range, as shown below [34] : (2) where η ∞ is the high-temperature limit of the liquid viscosity, and K and C are constants. The high viscosity data (in Pa•s) were obtained directly from the rotating 
log 10 η (T) = log 10 η ∞ + exp ( ) [35] . The viscosities of glass samples between the range of glass melting temperature and transition temperature were well fitted by the Equation 2. Taking Y0 as an example, the fitting result is showed in Figure 6 . The temperatures at the viscosities of 10, 10 2 , 10 3 and 10 6.6 Pa•s are referred to the melting temperature (T m ), forming temperature, working temperature and Littleton softening point, respectively [30, 35] . The constants η ∞ , K and C of the Equation 2 and some characteristic temperature points in glass technology were calculated and listed in Table 5 . Figure 7 shows the characteristic temperature points of the glass melts with different Y 2 O 3 content. It was obvious that melting temperature (T m ) and forming temperatures increased firstly and then decreased with Y 2 O 3 content increasing, which both peaked at 1 mol. % Y 2 O 3 . While the working temperature increased firstly, and then maintained stable at about 1081°C. The inflection point also appeared at 1 mol. % ions mainly play the role of agglomeration in both high temperature and low temperature ranges, which compacted the glass structure and increased the viscosity of glass metls. When Y 2 O 3 content is greater than 1 mol. %, Y 2 O 3 showed different effects on viscosity at high temperature and low temperature. Between the melting and forming temperature ranges, a large amount of Y 2 O 3 brought more free oxygens, which reacted with bridging oxygens to create a lot of non-bridging oxygens. This leads to loosening of the glass network structure and decreasing viscosity of the melts, resulting in a decrease of melting temperature (T m ) and forming temperature. For the working temperature, the effects of agglomeration and depolymerization on viscosity are offset, resulting in the viscosity stabilizing at a certain value. With the further reduction of temperature, agglomeration plays a major role. Therefore, the Littleton softening point monotonically increased with Y 2 O 3 content increasing. This also caused T g and T d going up with Y 2 O 3 content increasing.
The temperature interval (ΔT) between the working point and Littleton softening point was used to estimate the workability of the glass melt [35, 36] . Table 5 showed that the temperature intervals corresponding to the workability became wider firstly and then shorter with the Y 2 O 3 content increasing.
The temperature dependence of the viscosity for various glass forming materials can be characterized by Angell's plot [37] . By plotting the logarithm of the viscosity as a function of the reduced inverse temperature T g /T, curves with different degrees of non-Arrhenius behavior may be systematized. The degree of deviation from the Arrhenius behavior is called fragility [38] . In addition molten SiO 2 is known as the strongest liquid [39] . The logarithmic viscosity (log 10 η) of Y0 has been plotted as a function of the inverse temperature scaled by T g /T (Figure 8 ). Fragility is defined as the slope of the log 10 η versus T g /T curve at T g , shown as Equation 3: 
The the values of fragility index m for diefferent glass samples are showed in Table 5 . The results showed that the strongest liquid of the glass investigated in this paper was sample Y2, while the most fragile one was sample Y0. It was obviously that there was an inverse correlation between the workability and fragility index m, shown as Figure 9 . As the Y 2 O 3 content increasing from 0 to 2 mol. %, the fragility index m decreased firstly and then increased, while workability ΔT experienced an opposite changes, which is consistent with the results from other researchers [12, 35, 36] . 
CONCLUSIONS
With the increase of Y 2 O 3 content, the glass network polymerization extent decreased, but the structure became more compact. The coefficient of thermal expansion and density increased from 93.8 to 95.8 × 10 -7 °C and 2.56 to 2.61 g•cm -3 , respectively. The glass transition temperature increased monotonously, while the crystallization peak temperature and glass stability decreased firstly and then increased. It was obvious that melting temperature (T m ) and forming temperatures increased firstly and then decreased, while working temperature and Littleton softening point increased with Y 2 O 3 content increasing. As the Y 2 O 3 content increasing from 0 to 2 mol. %, the fragility index m decreased firstly and then increased, while the glasses working temperature range ΔT experienced an opposite change. All inflection points of different properties in this paper appeared at Y 2 O 3 = 1 mol. %.
